A speckleless illuminated modified-Gerchberg-Saxton-algorithm-type computer-generated hologram, which adopts a lower frequency of the iterative algorithm and calculation time, is proposed to code a hologram with two signals and position a multiplexing phase-only function, which can reconstruct the left and the right viewing holograms on the pupillary-distance position after the decryption and still maintain the content with high contrast and definition. The reconstructed image quality presents root mean square error of 0.03, with a diffraction efficiency of 87%, and signal-to-noise ratio of 8 dB after the analysis. Furthermore, two denoising techniques for the digital filter and optical suppression are combined, in which the speckle suppression with pseudorandom phase modulation and a rotating diffuser are utilized for successfully reducing the speckle contrast, which was reduced to below 4%. The goal was to reduce visual fatigue for the viewers.
Introduction
Computer-generated holograms (CGHs) based on holography [1] calculate the holographic interference phase patterns with digital signals, utilize a spatial light modulator (SLM) [2] or acousto-optic modulator [3] as the phase pattern recording media, and reconstruct the original three-dimensional (3D) model hologram [4] with the illumination of coherent light. Such a recording process replaces traditional holography with computer generation [5] [6] [7] . The advantages are in the reduction of traditional holographic errors and modulation with holographic photosensitive materials [8, 9] .
Nonetheless, CGH currently encounters three critical issues. First is the problem with speckle. Speckle [10] [11] [12] is the interference that results from high coherence of the laser and the topography of an object's surface. When coherent light illuminates a rough surface, the original coherent length is destroyed so that the scattered light is reflected by the object, received by the detector, and appears as constructive interference and destructive interference. This further affects the speckle patterns, resulting in random brightness-darkness distribution, which not only reduces the contrast and definition of the projected image, but also causes serious dizziness and visual fatigue for viewers [13] . Second is the image size and angle of view. The common pixel size of SLMs (∼8 μm) limits the CGH size and the angle of view. Last is the issue of CGH computing speed. In order to calculate the phase distribution of each 3D spatial coordinate in hologram, the large amount of data requires longer computing time.
To solve the above problems, a modified Gerchberg-Saxton algorithm (MGSA) is proposed for CGH phase coding. A Fresnel diffraction core algorithm is applied in MGSA, which enhances the image quality of a hologram [14] . In addition, the MGSA can simultaneously compute the position multiplexing distribution [15] to distribute the decoded images at distinct positions for viewing from multiple angles of view. In comparison with traditional CGH, a single multiplexing phase algorithm largely reduces the number of phase iterative times as well as the length of time of a hologram. As the decoded images can be distributed to distinct positions with multiplexing, the images of the left and the right angles of view are input to the head-mounted display (HMD) and, through virtual image projection, they allow the viewer to view a large-size CGH.
Regarding the reduction of speckle, two denoising techniques for digital filtering and optical suppression are combined. First of all, the pseudorandom phase mask [16] function is included in the MGSA and phase filters are sequentially provided in the iterative process. A rotation diffuser is placed on the intermediate image plane [17, 18] in the optical reconstruction projection as a secondary means of reducing interference to reduce the speckle intensity distribution. From the experimental results, the speckle contrast (SC) is reduced to 3.9%, so that it can be ignored by human eyes [19] .
Generation of a Hologram Pattern

A. Principle of the MGSA
The MGSA is utilized in this study for rapidly calculating the complete phase wave function, where Fresnel transform (FrT) is used for repeatedly iterating the phase between objects to modify the phase difference [20, 21] . Different from traditional GerchbergSaxton algorithm [22] , this can enhance the computing speed. In addition, it is proposed that a random phase is included in the beginning of the algorithm to reduce the mutual interference of the phase that results from the synthesis among multiple images and decreases the decoding error caused in the image reconstruction. Furthermore, phase modulation is first applied to calculating the position multiplexing distribution, in which fewer iteration times are maintained and the error between the approximate function and the target function is reduced. Figure 1 shows the block diagram of the MGSA. A random phase function is first generated by inputting ψ gn x 0 ; y 0 . In the system, n is the holograms of the left and the right angles of view. The phase function ψĝ n x 0 ; y 0 is then multiplied by the initial amplitude for the Fresnel transform (FrT) so as to acquire the approximate image phase functionĝ n x 1 ; y 1 and the approximate phase function ψĝ n x 1 ; y 1 . Third, the phase function ψ gn x 0 ; y 0 is acquired with an inverse Fresnel transform (IFrT) of the target image function g n x 1 ; y 1 and the approximate phase function ψĝ n x 1 ; y 1 . Meanwhile, a pseudorandom phase mask function Ψ R proceeds the phase deviation. For the accuracy of the approximate image, the second and the third steps are repeated for the image iteration, and this continues until the approximate image functionĝ n x 1 ; y 1 and the target image function g n x 1 ; y 1 are relatively consistent. The approximate image phase function ψĝ n x 1 ; y 1 is then outputted, and the coded image is the phase-only function (POF).
Equation (1) is the Fresnel integration formula, where Ex; y; z is the coordinate of the original image field, Ex 0 ; y 0 ; 0 the coordinate of the diffracted hologram of the original image through FrT, λ the wavelength of incident light, z the distance between the hologram and the image in the defined space, p the spatial frequency at the x direction, and q the spatial frequency at the y direction:
where p x∕λz; q y∕λz.
B. Spatial Phase Modulation and Synthesis
Each pixel in the CGH could be regarded as the phase information of the target image which is formed by the interference of object light and reference light. The modulation of pixel distribution is equivalent to changing light interference. In other words, a modulated pixel block would change the image spatial position during reconstruction, as shown in Fig. 2 . The holograms of the left and the right angles of view correspond to the binocular distance of human vision. The light gray block is the originally coded POF. After spatial phase modulation, the diffraction light spatial distribution is changed so that the target image transforms to a distinct spatial position (dark gray block) to complete the position multiplexing distribution. The phase modulation equations are shown as Eqs. (2) and (3). The approximate image function g zn x 1 ; y 1 expφ n x 1 ; y 1 is proceeded by the phase modulation based on the deviation formula μ n ; v n α n D w ; β n D h , where μ n is the offset factor at the x direction, v n the offset factor at the y direction, and D w and D h the width and height factors of the approximate image, respectively. The phase modulation signal ψ 0 Zn x 0 ; y 0 is acquired after the transformation. Figure 3 shows the MGSA-type CGH coding and the multiview reconstruction. In the MGSA-type CGH coding process, the image size is 1000 pixel × 1000 pixel, the wavelength band is 532 nm, and the diffractive hologram distance is 600 mm. To conform to the binocular viewing position, the left and the right viewing holograms are set at 1.5 offset on the x axis, while no offset is present on the y axis. The POF of the left and right viewing holograms is further edited with Eqs. (1)-(4) .
The prototype of a speckleless illuminated MGSAtype CGH system with a VIS DPSS laser (532 nm, 26 mW) is shown in Fig. 4 . The SLM (WUXGA, 8.1 μm, HOLOEYE) records the POF, which is encoded with the POF of the combined left and right viewing holograms by the MGSA, and then reconstructs the images by using coherent light. Lens 2 , Lens 3 , and Lens 4 are the projection modules that generate a real image with 6.11 magnifications. A diffuser [size 50 mm × 50 mm, surface roughness average (R a ) 1.57 μm], which is made by grinding Al 2 O 3 powder, is placed on the intermediate image plane to reduce speckles. Finally, the left viewing hologram and the right viewing hologram are projected to CCD cameras and transmitted to the HMD to view the largest visual holograms. With the characteristics of rotating diffusers, the speckle that is caused from the partly noncoherent light would be reduced. Figure 5 shows a pair of CGHs after decryption. With cyclopean vision [23] , the stereo image in the figure would extrude the screen when the dot viewed by both eyes would be convergent to a point.
A. Analysis of Reconstruction Image
To effectively acquire the image quality of a MGSAtype CGH after decryption, a computer computation is first utilized for evaluating the decrypted image with the following methods from Eqs. (7)- (9) . First, the root mean square error (RMSE) [24] is defined as the average difference between the original image and the reconstructed image of each pixel. Second, the signal-to-noise ratio (SNR) [25] is defined as the power ratio between the signal (I S ) and the background noise (I N ). Third, the relative diffraction efficiency (DE) [26] is defined as the intensity proportion of the diffracted image signal to all the signals in the reconstructed image, where ΣI S is the total intensity of the reconstructed image signals, and ΣI N the total intensity of the reconstructed image noise.
SNR 10 × log 10 I S ∕I N ;
where MN is the resolution of image size, I S is the signal power, and I N is the noise power Figure 6 shows the quality analysis of the reconstructed image simulated by a MGSA-type CGH and the reconstructed image in the experiment. The POF is acquired 10 times with the MGSA iterative method, with the average calculation time being 60.28 s, and the contents are compared with other iterative Fourier or Fresnel transform algorithm (IFTA) [26] . Figure 6(a) shows RMSE, in which the reconstructed image simulated by the MGSA-type CGH and the reconstructed image in the experiment show that the analysis value is lower than 0.03, presenting a reconstructed image that conforms to the simulation algorithm. Figure 6 (b) shows DE; the reconstructed image efficiency (86.80%) is slightly lower than that of the reconstructed image by simulation (95.21%), but the intensity is in the acceptable range of human eyes. Figure 6(c) shows the SNR, which is about 9.97 dB in the reconstructed image by simulation, but 8.06 dB in the reconstructed image in the experiment, revealing the quality has been reduced with the diffraction of the diffuser.
B. Analysis of Speckle
The inclusion of the MGSA in the function of a pseudorandom phase mask is proposed in this study, in which phase masks are sequentially used in the iterative process to precede the preliminary noise reduction with such a digital filter. In the optical reconstruction projection, a rotating diffuser is placed in the intermediate plane to do the second speckle denoising which is the optical suppression. Actually, when the laser passed through the diffuser, the randomly distributed surface disturbed the wavefront of the laser and high coherency to form uniform scattering light. As for the phase, the initial phase would become a random phase distribution after passing through the diffuser. Moreover, at the rotating diffusers, the laser would appear as uniformly but partly noncoherent light so that the speckle would be reduced. Consequently, SC is defined as the speckle levels by using Eq. (10) , when the range appears in 0-1 [27, 28] : Here, I is the light intensity, which is the square of the absolute value of the light signal. Figure 7 shows the speckle pattern shot by a CCD camera with ISO 200, focal length 55 mm, and aperture f/2.8.
To conform to the observation of human eyes, the integral time of the CCD camera must be equivalent to that of human eyes (1/60-1/30 s) [29] . Referring to a previous study [18] , the SC of the original image is larger than 50%; however, in this study, the reconstructed images with pseudorandom phase give a SC of 19.01% (see Fig. 7 ). With a static diffuser, the speckle distribution is reduced by about 1/3 and the SC is 7.12% (see Fig. 7 ). When the diffuser is rotated with a speed of 2π rad∕s, the SC is reduced to 3.90% (see Fig. 7 ), which can be ignored by human eyes because the SC is under 4% [10] . Light intensity distribution is further evaluated, as shown in Fig. 8 , in which the rotating diffuser is used for equalizing the random speckle distribution and effectively reducing the SC.
Conclusion
A speckleless illuminated MGSA-type CGH with higher computing speed that codes left and right viewing hologram phases that function only with an MGSA is proposed in this study. After decryption, the image is projected to positions conforming to pupillary distance. After image quality analysis, the RMSE of the reconstructed image drops below 0.03, and has a DE of about 87% and a SNR of about 8 dB. Moreover, the denoising techniques of the digital filter and optical suppression are also combined to reduce speckle. Pseudorandom phase modulation is also included with a rotating diffuser for light-field destruction, so the speckle contrast can be reduced to below 4% to successfully achieve a speckleless illuminated CGH. Fig. 7 . Speckle distributions with pseudorandom phase modulation (top inset), with pseudorandom phase modulation and a diffuser (middle inset), and with pseudorandom phase modulation and a diffuser rotating at a speed of 2π rad∕s (bottom inset). Fig. 8 . Light intensity distributions (a) with pseudorandom phase modulation, (b) with pseudorandom phase modulation and a diffuser, and (c) with pseudorandom phase modulation and a diffuser rotating at a speed of 2π rad∕s.
